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Summary
Three widely used cultivars of each of the species Festuca pratensis Huds., Lolium perenne L., and Dactylis glom-
erata L. were investigated by means of randomly amplified polymorphic DNA (RAPD) markers and vegetative
growth traits in order to investigate genetic variability within each cultivar and to compare the level of diversity
among cultivars and species. RAPD markers allowed a clear separation of the three species. Genetic variability
based on RAPD markers was considerably lower for F. pratensis cultivars than for L. perenne and D. glomerata
cultivars which showed similar levels of variability. The proportion of variability due to variation within cultivars,
determined by an analysis of molecular variance, was lower in F. pratensis (64.6%) than in L. perenne (82.4%) and
D. glomerata (85.1%). A comparison of F. pratensis and L. perenne, based on vegetative growth traits, confirmed
the differences in genetic variability within cultivars. F. pratensis showed lower coefficients of genetic variation
for eight of ten traits when compared to L. perenne. This study demonstrates considerable differences in genetic
variability which may have consequences for the adaptability and persistency of individual cultivars.
Introduction
The pattern of genetic variability within the avail-
able germplasm substantially influences the choice of
breeding material and with it the success of a plant
breeding program. Variability among cultivars is re-
quired for a successful forage crop species in order
to provide farmers with suitable cultivars for different
environments and utilization systems. However, for
some purposes such as the renovation or the overseed-
ing of degenerated permanent pastures and meadows,
single cultivars that are adapted to a broad range
of environments may be more desirable: permanent
grasslands are specially important in the uplands of
central Europe, which often represent marginal habi-
tats where environmental conditions vary greatly over
time and space.
Within a cultivar, phenotypic plasticity may en-
able plants to adapt rapidly to a range of environments
(Bradshaw, 1965). Phenotypic plasticity has been re-
ported for many traits and species (MacDonald &
Chinnappa, 1989; Brock et al., 1996; Petit et al.,
1996), but the genetic basis of plasticity is very com-
plex (Scheiner, 1993). Since genetic variability is
crucial for adaptation (Silvertown & Lovett Doust,
1993), genetic variability within cultivars may be par-
ticularly important for long-term adaptability. There is
only little information on the significance of variability
within populations and these results are derived from
studies with wild species (Dolan, 1994; Templeton,
1994). However, it was shown that genetic diversity
can increase disease resistance in barley (Wolfe &
McDermott, 1994). It was also suggested, that increas-
ing the heterogeneity may enhance the adaptability
of forage grass cultivars (Hayward, 1997). Molecu-
lar markers such as randomly amplified polymorphic
DNA (RAPD) (Welsh & McClelland, 1990; Williams
et al., 1990) allow an easy and rapid approach to ge-
netic variability and have been used in various plants
species (Schierenbeck et al., 1997). Although some
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Table 1. Breeding history of nine cultivars of Festuca pratensis, Lolium perenne and Dactylis
glomerata used for investigation
Cultivar Origin and number (in parentheses)
of parental clones
Festuca pratensisa
Darimob German cultivar NFG (4) and Dutch cultivar Belimo (1)
Furec Norwegian ecotypes and older cultivars (84)
Pre´vald Swiss cultivar Pre´fest (6), German cultivar
Cosmos (1), and Swiss ecotypes (7)
Lolium perennea
Arione Swiss ecotypes (28; 26 of these clones originate
from only 5 ecotypes)
Caviae Swiss ecotypes and older cultivars (total 12 clones)
Respectf Cultivars Amigo (2), Melino (5), Talbot (2), and Dutch ecotypes (4)
Dactylis glomeratag
Lokeh Swedish ecotypes
Pratod Swiss variety Lara (11) and Dutch variety Baraula (2)
Redae Swiss ecotypes (9) and older cultivars (6)
a Investigated cultivars are diploid (2n = 2x = 14).
b Mommersteeg International, Vlijmen, The Netherlands.
c Norwegian Crop Research Institute, Ås, Norway.
d Swiss Federal Research Station for Plant Production, Changins, Switzerland.
e Swiss Federal Research Station for Agroecology and Agriculture, Zurich, Switzerland.
f Cebeco Zaden B.V., Vlijmen, The Netherlands.
g Investigated cultivars are tetraploid (2n = 4x = 28).
h Svalöf Weibull AB, Svalöv, Sweden.
of these studies focused on forage grasses (Charmet
& Balfourier, 1994; Gunter et al., 1996), information
on genetic variability within cultivars is available for
only a few forage grass species (Loos, 1994; Xu et al.,
1994; Huff, 1997). Therefore, our objective was to ex-
amine the genetic variability within cultivars of three
important forage grass species in order to provide data
which may help to better understand the genetic archi-
tecture of species and cultivars and which is important
for plant breeding and for further investigations on the
significance of genetic variability.
Festuca pratensis Huds. (meadow fescue) is a
forage grass of high quality and yield potential, com-
parable in many respects to perennial ryegrass (Lolium
perenne L.) Due to its winter-hardiness, it has a com-
petitive advantage as a hay or as a silage crop in cooler
regions (Aastveit & Aastveit, 1989). It is also a sig-
nificant component of species-rich permanent pastures
and hay fields in alpine regions and in eastern Eu-
rope. However, meadow fescue is only rarely found
in intensively managed grasslands and shows low
persistency when sown in mixture with other forage
species. L. perenne is a highly productive species with
a very good nutritive value and a high palatibility. It
is one of the most important forage grasses of tem-
perate regions, but its distribution in cooler regions
and at higher altitudes is limited by a low tolerance
to unfavourable climatic conditions and a high sus-
ceptibility to pink snow mould (Fusarium nivale (Fr.)
Ces). Dactylis glomerata L. (orchardgrass) is a wide-
spread species of good forage quality, well adapted to
moderate fertility and low soil moisture. It is a com-
panion species and strong competitor of F. pratensis
in species-rich grasslands (Gügler, 1993).
We used RAPD markers as well as vegetative
growth traits to assess genetic variability within three
cultivars of each of the three species.
Material and methods
Plant material
Three cultivars of each of the species Festuca praten-
sis Huds., Lolium perenne L., and Dactylis glomerata
L., currently recommended for cultivation in Switzer-
land (Lehmann et al., 1996), were used (Table 1).
Care was taken to avoid tetraploid L. perenne cultivars
and to select cultivars as distantly related as possi-
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ble. Plants were grown from basic seed on autoclaved
silica sand (particle size 0.8–1.2 mm). Two weeks af-
ter sowing, 28 single plants were randomly selected,
transferred to hydroponics and kept in the growth
chamber as individual plants; they were considered to
be genotypes.
DNA extraction
Fresh leaf material of each genotype of L. perenne
and D. glomerata cultivars was sampled seven weeks
after sowing and stored at –80 C. Genomic DNA
was isolated by a modified hexadecyltrimethyl ammo-
nium bromide (CTAB) extraction procedure (Doyle &
Doyle, 1990). Frozen leaf tissue (approx. 100 mg)
was ground in liquid nitrogen, transferred to a sterile
Eppendorf tube, and lyophilized overnight (Hetovac
VR-1, Heto Lab Equipment A/S, Birkerød, Denmark).
Samples were incubated with 1 mL of CTAB buffer
(10 g L−1 CTAB, 0.1 M Tris pH 7.5, 0.7 M NaCl,
0.01 M EDTA pH 8.0) for 90 min at 60 C, treated with
10 g mL−1 ribonuclease A (Boehringer Mannheim,
Germany) at 37 C for 30 min, extracted for 5 min
with 450 L chloroform/isoamyl alcohol (24:1 v:v),
and centrifuged for 10 min at 7000 rpm. The aqueous
phase was transferred to a new tube, and the DNA was
precipitated with cold isopropanol (900 L). DNA
pellets were recovered by centrifugation (15 min at
5000 rpm), washed in 75% ethanol/10 mM ammo-
nium acetate, dried under vacuum, and dissolved in
150 L sterile H2O. To remove compounds inhibit-
ing PCR reactions, DNA of D. glomerata was cleaned
using polyethylene glycol (13% w/v; PEG 8000).
DNA concentration was estimated with a LS-2B fil-
ter fluorimeter (Perkin-Elmer Ltd., Buckinghamshire,
England) as well as visually after electrophoresis in
a 20 g L−1 agarose gel at 125 V for 1 h in TAE
buffer (400 mM Tris, 20 mM EDTA, 200 mM sodium
acetate) and staining with ethidium bromide.
DNA amplification and separation
Reactions were performed in 20 L volumes con-
taining: 1  reaction buffer (10 mM Tris-HCl, 1.5
mM mgCl2, 50 mM KCl, pH 8.3), 100 M dATP,
dGTP, dTTP, dCTP, 0.35 M primer, 0.6 units
EUROBIOTAQr DNA polymerase (Eurobio, Les
Ulis Cedex B, France) and 10 ng genomic DNA. Am-
plification was carried out in a Hybaid OmniGene
temperature cycling system (Control Module with Mi-
croBlock; Hybaid Ltd., Middlesex, UK) and was
initiated by denaturation for 1 min at 94 C, followed
by 35 cycles of 30 sec at 35 C, 2 min at 72 C and
5 sec at 94 C. The amplification was completed after
10 min at 72 C. Reaction products were separated by
electrophoresis in a 20 g L−1 agarose gel at 100 V for
2.48 h in TAE buffer, stained with ethidium bromide
(0.5 g mL−1) and photographed under UV light with
a Polaroid type 667 film (Polaroid Corp., Cambridge,
MA, USA). Amplification products were considered
RAPD markers and reproducibility was confirmed by
running independent duplicate samples. To estimate
the size of the RAPD markers, a 100 base pair (bp)
marker was used as a standard.
For the selection of suitable primers, 140 decamer
primers (Operon Technologies, Inc., Alameda, CA,
USA) were initially screened using four unrelated eco-
types of F. pratensis, not associated with the three
cultivars used in this study. According to the quality of
the banding patterns and the number of polymorphic
markers detected between the ecotypes, 12 primers
(B01, B08, B11, B12, B15, H02, H19, Q5, R3,
R11, R19, V16) were selected to investigate the 28
genotypes of the nine populations. For F. pratensis
cultivars, RAPD profiles of previous investigations
(Kölliker et al., 1998) were specifically evaluated in
this comparison with L. perenne and D. glomerata.
RAPD marker analysis
RAPD markers were scored for presence (1) or ab-
sence (0) and entered into a binary vector representing
the RAPD phenotype of each individual genotype.
Only polymorphic markers that were reproducible and
could be scored unequivocally in all genotypes were
included in the analysis. The pair-wise distances be-
tween genotypes were estimated using the Euclidean
distance of Excoffier et al. (1992), defined for RAPD
markers by Huff et al. (1993) as
Eij D f"2ij g D n

1− 2nij
2n

where nij is the number of bands shared by the
two genotypes i and j and n the total number of
polymorphic bands. Analysis of molecular variance
(AMOVA) was performed using the WINAMOVA
1.55 program, kindly provided by L. Excoffier
(http://anthropologie.unige.ch/laurent/default.htm#
Software programs). For principle coordinate analy-
sis, the NTSYS-pc package (version 1.8) (Rohlf 1993)
was used.
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Variation in vegetative growth traits
Variation in vegetative growth traits was assessed in
a growth chamber experiment using 28 genotypes of
the F. pratensis cultivars Préval, Darimo, and Fure
and the L. perenne cultivars Arion, Cavia, and Re-
spect. The same genotypes as investigated by means
of RAPD markers could be used for L. perenne but
not for F. pratensis. Two clonal replicates per geno-
type were produced using two single tillers of similar
weight. Replicated plants were cut to 5 cm tiller and
root length, transferred into hydroponic containers
(0.30  0.20  0.22 m; eight plants per container),
arranged in two randomized blocks and grown in
a complete nutrient solution modified according to
Hammer et al. (1978) containing 1 mol m−3 NO−3
and with a pH of 5.5. The medium was aerated con-
tinuously and replaced every seventh day. The pH
was controlled daily (Sentron 1001 pH, Sentron Eu-
rope BV, Roden, The Netherlands) and adjusted if
necessary (1 M H2SO4). The plants were cultivated
in two growth chambers (PGV36, Conviron Instru-
ments, Winnipeg, MB, Canada) at temperatures of
13/18 C (day/night), 80% relative humidity, and a
photoperiod of 16 h. Light (photosynthetic photon flux
density 500 mol m−2s−1) was provided by cool-
white fluorescent lamps (Sylvania, CW/VHO, 215 W)
and incandescent bulbs (100 W) at a ratio of 5:1. Seven
days after cloning, the tip of the youngest leaf of
the oldest tiller was marked with nail polish. Subse-
quently, the growth of the following three leaves was
recorded and average leaf elongation duration (number
of days between the lamina and the ligule appearance
of one leaf) and average phyllochron (number of days
between lamina emergence of two successive leaves)
were calculated. Twenty-eight days after propagation,
the growth habit of the plants was determined by vi-
sual scoring of the angle formed by the imaginary line
through the region of the greatest leaf density and the
vertical (1 = erect; 9 = prostrate). Plants were then
harvested and separated into roots, leaf laminae, and
tillers. The first two undamaged leaves of the tiller
on which leaf growth was recorded were separated
and used for the determination of single leaf area
and single leaf length. The area of the leaf laminae
was measured using a photoelectric meter (Model LI-
3000A; Li-Cor, Lincoln, NE, USA), and leaves and
tillers were counted. All fractions were dried at 65 C
for 48 h. The data were subjected to an analysis of
variance using the GLM procedure of the SAS sta-
tistical package (Statistical Analyses System, Version
Table 2. Genetic diversity within cultivars and species of
Festuca pratensis, Lolium perenne and Dactylis glomer-
ata. Twenty-eight individual plants of three cultivars of
each species were investigated
Percentage of Euclidean
polymorphic distance (E)b
markersa
Festuca pratensis
Darimo 25 7.4
Fure 22 8.1
Pre´val 34 11.7
Within species 45 12.4
Lolium perenne
Arion 52 17.1
Cavia 50 15.6
Respect 46 15.5
Within species 64 18.4
Dactylis glomerata
Loke 49 17.1
Prato 56 19.4
Reda 50 18.0
Within species 64 20.3
a Total of markers scored: 104.
b Average distances for pair-wise comparisons of geno-
types.
6.12, SAS Institute, Cary, NC, USA). Means of culti-
vars were compared by Duncan’s multiple range test
(p < 0:05). Variance components were estimated
using the VARCOMP procedure of the SAS pack-
age. Coefficients of genetic variation were calculated
according to Helgadottir and Snaydon (1986) as
CVg D
q
 2g
Nx  100
where  2g is the genotypic component of variance
and Nx the population mean of the character measured.
For factor analysis, traits were averaged by geno-
type, and the values were transformed to standard
deviates (Sokal & Rohlf, 1995). Factor analysis was
applied using the varimax rotation method suggested
by Kaiser (1958). Rotated factor values of 0.50 or
greater were considered to be important in interpreting
factor associations (Backhaus et al., 1996).
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M 1 2 M 7M3 4 5 6 8
F. pratensis
1.5 kb
1.0 kb
0.6 kb
9 M
0.3 kb
L. perenne D. glomerata
Figure 1. RAPD patterns of F. pratensis, L. perenne, and D. glomerata cultivars generated by primer OPB-12. Numbers indicate individual
plants (two independent replicates). Arrows point to scorable polymorphic markers. M = 100 bp molecular marker.
Table 3. Analysis of molecular variance (AMOVA) for Festuca
pratensis, Lolium perenne, and Dactylis glomerata, using 104
RAPD markers on three cultivars per species and 28 genotypes
per cultivar
Source of variation df Sum of Variance % of
squares componenta total
variance
Species 2 2711.6 15.4 63
Cultivar within species 6 368.0 1.9 8
Genotype within cultivar 243 1754.9 7.2 29
Within Festuca pratensis
Cultivar 2 148.3 2.5 35
Genotype within cultivar 81 367.9 4.5 65
Within Lolium perenne
Cultivar 2 112.5 1.7 18
Genotype within cultivar 81 651.1 8.0 82
Within Dactylis glomerata
Cultivar 2 107.3 1.6 15
Genotype within cultivar 81 735.8 9.1 85
a All components were significant at p < 0:001, giving the
probability of obtaining a more extreme random value computed
from nonparametric procedures (1,000 data permutations).
Results
Characteristics of RAPD markers
The 12 primers generated 104 reproducible bands
which were polymorphic and could be scored un-
equivocally across all genotypes (Figure 1). Fragment
size ranged from 320 to 1500 bp. Each of the 252
genotypes was characterized through a unique RAPD
phenotype. The percentage of polymorphic markers
within each cultivar ranged from 22 to 56 (Table 2).
There were four markers that occurred in all genotypes
of D. glomerata but never in the other species. Such a
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Figure 2. Principal coordinate analysis of 104 RAPD markers for
three cultivars of Festuca pratensis (circles: black = Fure, grey =
Pre´val, white = Darimo), Lolium perenne (squares: black = Arion,
grey = Cavia, white = Respect) and Dactylis glomerata (triangles:
black = Prato, grey = Reda, white = Loke).
fixed marker difference was also found for F. praten-
sis but not for L. perenne. While 41 markers were
found in all three species, four were found only in F.
pratensis and in L. perenne and 15 were only found
in D. glomerata. Although marker frequency varied
greatly across cultivars, no cultivar specific markers
were identified.
Genetic variation based on RAPD markers
The first three eigenvectors of Principle Coordinate
Analysis (PCO) extracted 88% of the total RAPD vari-
ation observed in the whole data set. All genotypes
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Table 4. Mean values (Nx) and coefficient of genotypic variation (CVg) of five key vegetative growth traits of F. pratensis
and L. perenne cultivars
Trait Festuca pratensis Lolium perenne
Darimo Fure Pre´val Arion Cavia Respect
Tillers plant−1 [no.] Nx 11.1a 10.7a 13.2b 21.9e 19.7c 17.7d
CVg 14.1 10.0 30.1 26.2 22.6 27.6
Leaf area plant−1 [cm2] Nx 214.6a;b 225.4b 225.7b 285.7d 250.3c 201.3a
CVg 5.9 19.4 30.3 31.8 26.1 29.8
Single leaf lengthb [cm] Nx 21.9d 21.6d 21.7d 20.6c 17.6b 17.3a
CVg 7.5 9.3 9.4 10.9 13.6 16.8
Specific leaf area [cm2 g−1] Nx 238.0a 249.5b;c 239.2a;b 234.1a 249.6b;c 257.5c
CVg 4.8 5.2 8.0 6.0 0.8 6.4
Growth habitc [no.] Nx 3.4bb 4.0c 2.6a 6.3d 6.4d 7.5e
CVg 26.8 36.5 49.5 17.9 20.7 14.2

,

,
 Significance of the mean square associated with the variance component at p < 0:05, 0.01 and 0.001.
a Means within rows followed by the same letter are not significantly different (p < 0:05) according to Duncan’s Multiple
Range Test.
b Average of two fully developed leaves.
c Visual scoring of the angle between the imaginary line through the region of the greatest leaf density and the vertical
(1 = erect; 9 = prostrate).
were clearly separated into three groups according
to species (Figure 2). While D. glomerata genotypes
were clearly separated from the other genotypes by
eigenvector 1, the distance between F. pratensis and
L. perenne was due mainly to eigenvector 2. PCO
resulted in a clear grouping of cultivars within F.
pratensis, but grouping was poor within L. perenne
and was not found in D. glomerata. However, PCO per
species greatly improved the separation of cultivars
within all three species (data not shown).
The three cultivars of F. pratensis showed the low-
est variability within cultivars based on polymorphic
markers and average Euclidean distance (Table 2),
while Prato (D. glomerata) revealed the greatest diver-
sity of all cultivars investigated. The genetic diversity
within species was much lower for F. pratensis than
for L. perenne and D. glomerata.
The variation observed in the whole data set was
due mainly to variation among species (63%), while
the variation among cultivars accounted for 8% and
among genotypes for 29% (Table 3). Within species
the sum of squares from analysis of molecular vari-
ance were lowest for F. pratensis (516.2) and highest
for D. glomerata (843.1). Pair-wise comparison of
variance heterogeneity within species (Bartlett’s het-
eroscedasticity index) was significant only for the
pairs F. pratensis/D. glomerata (p < 0:05) and F.
pratensis/L. perenne (p < 0:1), but not for D. glom-
erata/L. perenne (p < 0:7). More than 80% of the
variation within the species L. perenne and D. glom-
erata was due to variation between genotypes within
cultivars (Table 3). This proportion dropped to 65% in
F. pratensis, where 35% was due to variation between
cultivars.
Variation in vegetative growth traits
Mean values of vegetative growth traits showed sig-
nificant differences between cultivars and species. The
number of tillers and the leaf area per plant were sig-
nificantly lower for F. pratensis cultivars than for L.
perenne cultivars with the exception of the low leaf
area of Respect (Table 4). However, F. pratensis culti-
vars had significantly longer leaves and a more erect
growth habit than cultivars of L. perenne (Table 4).
Differences between the two species, found by com-
paring average values over all three cultivars were
significant (p < 0:05) for all parameters except for
specific leaf area.
Factor analysis explained 82.6% of the total vari-
ability (Table 5). Factor 1 included total leaf area,
shoot dry weight, and number of tillers, factor 2 com-
prised leaf elongation duration and Phyllochron, and
factor 3 contained growth habit. Single leaf parame-
ters (single leaf area and length) were almost equally
distributed between factors 2 and 3 (Table 5). While
factor 1 did not separate the two species, factors 2
and 3 (single leaf parameters and growth habit) tend
to separate F. pratensis plants from L. perenne plants
(Figure 3). However, factor analysis did not enable the
euph4878.tex; 31/03/1999; 12:55; p.6
267
Table 5. Varimax rotated scores for four factors of ten traits of
Festuca pratensis and Lolium perenne from three cultivars per
species and 28 genotypes per cultivar
Traits Factors
1 2 3 4
Leaf area plant−1 0.97 0.04 0.10 0.06
Shoot dry weight plant−1 0.94 0.13 0.06 –0.21
Tillers plant−1 0.71 –0.28 –0.48 0.00
Leaf elongation duration 0.15 0.83 0.22 –0.10
Phyllochron –0.30 0.71 0.24 0.04
Single leaf areaa 0.20 0.50 0.75 0.02
Single leaf lengtha 0.34 0.59 0.61 –0.05
Growth habitb 0.19 –0.14 –0.80 0.15
Specific leaf area –0.03 –0.31 0.08 0.88
Shoot/root ratio 0.10 –0.34 0.32 –0.75
Variance explained by
each factor 26.7% 21.3% 20.4% 14.2%
a Average of two fully developed leaves.
b Visual scoring of the angle between the imaginary line through
the region of the greatest leaf density and the vertical (1 = erect;
9 = prostrate).
separation of cultivars within species. This was also
true for factor analysis within each species (data not
shown).
Ranking of cultivars according to their genetic
variability (expressed as coefficient of genotypic vari-
ation) depended greatly on the parameter investigated
(Table 4). Except for Darimo, each cultivar showed
the highest coefficient of genotypic variation for at
least one parameter. Furthermore, Darimo showed
very low values for most parameters investigated (Ta-
ble 4). Average coefficients of variation were lower for
F. pratensis than for L. perenne with the exception of
specific leaf area and growth habit (Figure 4).
Discussion
Genetic variability within cultivars varied consider-
ably depending on the species. This was true for the
assessment of genetic variability by means of RAPD
markers as well as by means of vegetative growth
traits.
RAPD markers allowed a clear separation of the
three species (Figure 2). D. glomerata plants were
separated from L. perenne and F. pratensis plants pri-
marily through eigenvector 1 which explained 57%
of the variation, while the L. perenne and F. praten-
sis plants were separated by eigenvector 2, explaining
only 27% of the variation. The close affinity of L.
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Figure 3. Factor analysis of ten key vegetative growth traits
for three cultivars of Festuca pratensis (black: circles = Pre´val,
squares = Darimo, triangles = Fure) and Lolium perenne (grey:
circles = Arion, squares = Respect, triangles = Cavia).
perenne and F. pratensis has also been reported in pre-
vious studies based on morphological traits (Bulinska-
Radomska & Lester, 1988), isozymes (Charmet &
Balfourier, 1994), and molecular markers (Stammers
et al., 1995). Variability within L. perenne and D.
glomerata cultivars was similar, while variability in F.
pratensis cultivars was substantially lower (Table 2).
The genetic variability found within L. perenne and
F. pratensis cultivars is comparable to the findings of
Huff (1997) and Kölliker et al. (1998); a compara-
ble study for D. glomerata is not available. Genetic
variability within natural populations of meadow fes-
cue was found to be higher than that within cultivars
(Kölliker et al., 1998), but is lower when compared
to the variability within L. perenne and D. glomerata
cultivars (Table 2).
Variability within species is due not only to vari-
ability within, but also between cultivars; thus, we
used AMOVA to partition the sources of variation.
The low genetic variability within F. pratensis was
confirmed by AMOVA results per species (Table 3).
While the total sum of squares was lowest for F.
pratensis, the amount of variation due to cultivars was
substantially higher when compared to D. glomerata
and L. perenne (Table 3). The greater variation be-
tween cultivars could be explained in part by more
diverse sources of parental genotypes (Table 1) or
different breeding objectives for single cultivars. The
genetic variability within individual cultivars may be
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Figure 4. Average coefficient of genotypic variation of ten vegetative growth traits for Festuca pratensis (white) and Lolium perenne (black)
based on three cultivars per species and 28 genotypes per cultivar.
influenced by the number of parental clones involved
in breeding. This is a possible explanation for the
low variability within Darimo which is based on only
five parental clones. However, the other cultivars are
all based on a comparable number of clones except
for Fure which showed very low variability despite
the 84 clones upon which it is based. Intense selec-
tion may also limit genetic variability within cultivars
(Huff, 1997). It is difficult to estimate selection inten-
sity based on information about the cultivars used in
this study. However, it can be assumed that breeding
methods and breeding intensity are comparable for all
three species. Genetic variability is also influenced by
the breeding system (Charlesworth & Charlesworth,
1995), and isozyme variation in the genus Lolium
is known to decrease with a reduced level of cross-
fertilization (Charmet & Balfourier, 1994). All three
species investigated are true out-breeders with a high
degree of self-incompatibility. Troll (1931) reported a
lower self-fertilization rate for D. glomerata than for
F. pratensis and L. perenne, but this may be due to
the higher level of ploidy (Lundqvist, 1969). More-
over, genetic variability was lower in F. pratensis,
although its self-fertilization rate is lower than that
of L. perenne (Charmet & Balfourier, 1994). Genetic
variability is usually higher in polyploid species (Xu
& Sleper, 1991; Soltis & Soltis, 1993). This may
play an important role in the high variability within D.
glomerata (2n = 4x = 28) as compared to F. pratensis
and L. perenne (2n = 2x = 14), although the differ-
ence between D. glomerata and L. perenne was small
(Table 2). We selected the two diploid and closely re-
lated species F. pratensis and L. perenne to investigate
genetic variability based on vegetative growth traits.
F. pratensis cultivars differed significantly from L.
perenne cultivars for most vegetative growth traits in-
vestigated, while differences among cultivars of the
same species were smaller. This is in good agreement
with the RAPD results that showed clear differences
between these two species but a less distinct separa-
tion of the cultivars within the species (Figure 2). L.
perenne plants had more tillers and a more prostrate
growth habit than F. pratensis plants (Table 4). This is
an expression of the ability of L. perenne to withstand
continuous and intensive grazing (Jung et al., 1996).
The species-specific differences were also made evi-
dent by factor analysis (Figure 3); plants were mainly
separated according to growth habit (factor 3) and
single leaf parameters (factor 2) (Table 5). Although
the separation was not as clear as with RAPD analy-
sis, plants were grouped according to the respective
species.
The low genetic variability within F. pratensis cul-
tivars detected with RAPD markers was also reflected
in morphological traits, although the ranking of the
cultivars according to their coefficient of genotypic
variation depended on the trait investigated (Table 4).
This was also observed by Helgadottir & Snaydon
(1986) who showed that variability depended not only
on traits, but also on the site and the year of in-
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vestigation. Different authors have reported a lack
of congruence between variability estimates based on
DNA markers, isozymes, and morphological traits
(Beer et al., 1993; Fernando et al., 1997). Estimates
of genetic variability based on morphological traits
may be biased by phenotypic plasticity which can
evolve independent from genetic variability (MacDon-
ald and Chinnappa 1989). In our investigation, average
variability within species was lower for F. pratensis
for most vegetative growth traits (Figure 4), which
is in good agreement with the RAPD data. Analy-
sis of variance showed that the variation in growth
habit was mainly due to variation between species
(56%) and to variation between genotypes within cul-
tivars (14%) rather than to variation between cultivars
within species (4%) (data not shown). Therefore, the
high variability in growth habit is unlikely to be a
result of different breeding objectives for the individ-
ual cultivars (e.g. grazing types versus cutting), which
would result in large differences between cultivars.
Large variability in growth habit may be an advan-
tage in competition for light because it ensures optimal
positioning of leaf area in a multi-species sward. How-
ever, even if a high variability in some traits might
be advantageous, the large differences in mean values
between F. pratensis and L. perenne certainly remain
responsible for the different adaptation of the two
species.
To the best of our knowledge this is the first re-
port to compare the genetic variability of widely used
cultivars of three important forage grasses based on
genetic markers and morphological traits. The genetic
variability detected with RAPD markers was consid-
erably lower for the three cultivars of F. pratensis
when compared to the same number of cultivars of
L. perenne and D. glomerata. Analysis of key veg-
etative growth traits confirmed the lower variability
of F. pratensis as compared to L. perenne. Although
plant adaptation is induced by environmental factors,
it depends on genetic resources for a specific response
(Bradshaw, 1984). Therefore, limited genetic variabil-
ity could be one factor contributing to the decline of
meadow fescue from intensively managed grassland.
Further investigations are now needed to elucidate the
significance of genetic variability for the adaptability
and persistence of cultivars and species.
References
Aastveit A.H. & K. Aastveit, 1989. Genetic variations and inher-
itance of quantitative characters in two populations of meadow
fescue (Festuca pratensis Huds.) and their hybrid. Hereditas 111:
103–114.
Backhaus K., B. Erichson, W. Plinke & R. Weiber, 1996. Multivari-
ate Analysemethoden: eine anwendungsorientierte Einführung.
8th ed., Springer Verlag, Berlin, Heidelberg, New York.
Beer S.C., J. Goffreda, T.D. Phillips, J.P. Murphy & M.E. Sor-
rells, 1993. Assessment of genetic variation in Avena sterilis
using morphological traits, isozymes, and RFLPs. Crop Sci 33:
1386–1393.
Bradshaw A.D., 1965. Evolutionary significance of phenotypic
plasticity in plants. Adv Genet 13: 115–155.
Bradshaw A.D., 1984. Ecological significance of genetic variation
between populations. In: R. Dirzo & J. Sarukhan (Eds), Per-
spectives on plant population ecology, pp. 213–228. Sinauer
Associates Inc., Massachusetts.
Brock J.L., D.E. Hume & R.H. Fletcher, 1996. Seasonal varia-
tion in the morphology of perennial ryegrass (Lolium perenne)
and cocksfoot (Dactylis glomerata) plants and populations in
pastures under intensive sheep grazing. J Agr Sci 126: 37–51.
Bulinska-Radomska Z. & R.N. Lester, 1988. Intergeneric rela-
tionships of Lolium, Festuca and Vulpia (Poaceae) and their
phylogeny. Plant Syst Evol 159: 217–227.
Charleswort D. & B. Charlesworth, 1995. Quantitative genetics in
plants. The effect of the breeding system on genetic variability.
Evolution 49: 911–920.
Charmet G. & F. Balfourier, 1994. Isozyme variation and species
relationships in the genus Lolium L. (ryegrasses, Graminaceae).
Theor Appl Genet 87: 641–649.
Dolan R.W., 1994. Patterns of isozyme variation in relation to popu-
lation size isolation and phytogeographic history in royal catchfly
(Silene regia; Carophyllaceae). Am J Bot 81: 965–972.
Doyle J.J. & J.L. Doyle, 1990. Isolation of plant DNA from fresh
tissue. Focus 12: 13–15.
Excoffier L., P.E. Smouse & J.M. Quattro, 1992. Analysis of
molecular variance inferred from metric distances among DNA
haplotypes: application to human mitochondrial DNA restriction
data. Genetics 131: 479–491.
Fernando W.M.U., M.D. Hayward & M.J. Kearsey, 1997. Isozyme
and quantitative traits polymorphisms in European provenances
of perennial ryegrass (Lolium perenne L). Euphytica 93: 263–
269.
Gügler B., 1993. Die Konkurrenz zwischen Wiesenschwingel (Fes-
tuca pratensis Huds.) und Knaulgras (Dactylis glomerata L.) bei
verschiedener Bewirtschaftung (Competition between meadow
fescue and orchard grass as related to cultivation). PhD thesis,
Swiss Federal Institute of Technology, Zurich, Switzerland.
Gunter L.E., G.A. Tuskan & S.D. Wullschleger, 1996. Diversity
among populations of switchgrass based on RAPD markers.
Crop Sci 36: 1017–1022.
Hammer P.A., T.W. Tibbitis, R.W. Langhans & J.C. McFarlane,
1978. Baseline growth studies of ‘Grand Rapids’ lettuce in
controlled environment. J Am Soc Hortic Sci 103: 649–655.
Hayward M.D., 1997. Enhancing the value of pastures by breeding.
In: B. Boller & F.J. Stadelmann (Eds), Breeding for a multifunc-
tional agriculture, pp. 83–86. Proc. 21th meeting of the fodder
crops and amenity grasses section of Eucarpia, 9 to 12 September
1997, Kartause Ittigen, Switzerland.
Helgadottir A. & R.W. Snaydon, 1986. Patterns of genetic variation
among populations of Poa pratensis L. and Agrostis capillaris L.
from Britain and Iceland. J Appl Ecol 23: 703–719.
Huff D.R., 1997. RAPD characterization of heterogeneous perennial
ryegrass cultivars. Crop Sci 37: 557–564.
Huff D.R., R. Peakall & P.E. Smouse, 1993. RAPD variation
within and among natural populations of outcrossing buffalo-
euph4878.tex; 31/03/1999; 12:55; p.9
270
grass [Buchloe dactyloides (Nutt.) Engelm.]. Theor Appl Genet
86: 927–934.
Jung G.A., A.J.P. van Wijk, W.F. Hunt & C.E. Watson, 1996. Rye-
grasses. In: L.E. Moser, D.R. Buxton & M.D. Casler (Eds),
Cool-season forage grasses, pp. 605–641. American Society of
Agronomy, Inc., Madison.
Kaiser H.F., 1958. The varimax criterion for analytic rotation in
factor analysis. Psychometrika 23: 187–200.
Kölliker R., F.J. Stadelmann, B. Reidy & J. Nösberger, 1998. Fer-
tilization and defoliation frequency affect genetic diversity of
Festuca pratensis Huds. in permanent grasslands. Mol Ecol 7:
1757–1768.
Lehmann J., H.U.Briner, E.Mosimann & P.Bassetti, 1996. Liste der
empfohlenen Sorten von Futterpflanzen (List of recommended
cultivars of forage plants). Agrarforschung 3: I-VIII.
Loos B.P., 1994. Morphological variation in Dutch perennial rye-
grass (Lolium perenne L.) populations, in relation to environ-
mental factors. Euphytica 74: 97–107.
Lundqvist A., 1969. Self-incompatibility in Dactylis glomerata L.
Hereditas 61: 353–360.
MacDonald S.E. & C.C.Chinnappa, 1989. Population differentia-
tion for phenotypic plasticity in the Stellaria longipes complex.
Amer J Bot 76: 1627–1637.
Rohlf F.J., 1993. NTSYS-pc. Numerical Taxonomy and Multivariate
Analysis System. Exter Publishers, Setauket, NY.
Petit C., J.D. Thompson & F. Bretagnolle, 1996. Phenotypic plas-
ticity in relation to ploidy level and corm production in the
perennial grass Arrhenatherum elatius. Can J Bot 74: 1964–
1973.
Scheiner S.M., 1993. Genetics and evolution of phenotypic plastic-
ity. Annu Rev Ecol Syst 24: 35–68.
Schierenbeck K.A., M. Skupski, D. Lieberman & M. Lieberman,
1997. Population structure and genetic diversity in four tropical
tree species in Costa Rica. Mol Ecol 6: 137–144.
Silvertown J.W. & J. Lovett Doust, 1993. Introduction to plant
population biology. Blackwell Scientific Publications, Oxford.
Sokal R.R. & F.J. Rohlf, 1995. Biometry. The Principles and Prac-
tice of Statistics in Biological Research, 3rd edn., WH Freeman
and Company, New York.
Soltis D.E. & P.S. Soltis, 1993. Molecular data and the dynamic
nature of polyploidy. Crit Rev Plant Sci 12: 243–273.
Stammers M., J. Harris, G.M. Evans, M.D. Hayward & J.W. Forster,
1995. Use of random PCR (RAPD) technology to analyse phy-
logenetic relationships in the Lolium/Festuca complex. Heredity
74: 19–27.
Templeton A.R., 1994. Biodiversity at the molecular genetic level:
experiences from disparate macroorganisms. Philos T Roy Soc B
345: 59–64.
Troll H.J., 1931. Untersuchungen über Selbststerilität und Selbst-
fertilität bei Gräsern (Studies on self-sterility and self-fertility of
grasses). Z Pflanzenzücht 16: 105–136.
Welsh J. & M. McClelland, 1990. Fingerprinting genomes using
PCR with arbitrary primers. Nuc Acids Res 18: 7213–7218.
Williams J.G.K., A.R. Kubelik, K.J. Livak, J.A. Rafalski &
S.V. Tingey, 1990. DNA polymorphism amplified by arbitrary
primers are useful as genetic markers. Nuc Acids Res 18:
6531–6535.
Wolfe M.S. & J.M. McDermott, 1994. Population genetics of plant
pathogen interactions: the example of the Erysiphe graminis-
Hordeum vulgare pathosystem. Annu Rev Phytopathol 32: 89–
113.
Xu W.W. & D.A. Sleper, 1991. A survey of restriction fragment
length polymoprhisms in tall fescue and its relatives. Genome
34: 686–692.
Xu W.W., D.A. Sleper & G.F. Krause, 1994. Genetic diversity of tall
fescue germplasm based on RFLPs. Crop Sci 34: 246–252.
euph4878.tex; 31/03/1999; 12:55; p.10
